Background/Aims: MafB, a member of the Maf transcription factor family, plays a key role in the regulation of pancreatic alpha and beta cell differentiation. However, its function in the control of cancer cell proliferation remains unknown. Methods: The mRNA and protein expression levels of MafB in hepatocellular carcinoma tissues and adjacent non-tumor normal specimens were determined by real-time RT-PCR and Western blot, respectively. Report assay was performed to determine whether the regulation of Cyclin D1 by MafB is at the transcriptional level. The binding of MafB to the Cyclin D1 promoter was determined by Chromatin Immunoprecipitation (ChIP) assays. To determine the potential oncogenic effects of MafB in vivo, HepG2 cells transfected with adenovirus containing empty vector or MafB were injected subcutaneously to the skin under the front legs of the nude mice. Results: In the current study, we showed that MafB was markedly up-regulated in hepatocellular carcinoma (HCC) tissues and cells. Enforced overexpression of MafB enhanced, while its deficiency inhibited HCC cell proliferation. Mechanistically, Cyclin D1, an important regulator of cell cycle progression, was identified as a direct transcriptional target of MafB. Consistently, knockdown of Cyclin D1 largely attenuated the proliferative roles of MafB in HCC cells. Importantly, MafB overexpression significantly promoted cancer cell growth in mice. Conclusions: Collectively, our results identified a novel HCC regulatory pathway involving MafB and Cyclin D1, the dysfunction of which drives proliferative character in HCC.
Introduction
Hepatocellular carcinoma (HCC) has become one of the most prevalent malignancies and leading causes of death in China [1] . Although some recent progress has been made with regard to understand the genetic alterations in HCC development [2] , its molecular mechanisms remain to be elucidated.
V-maf musculoaponeurotic fibrosarcoma oncogene homologue B (MafB), belonging to basic leucine zipper transcription factor, is a widely expressed and involved in several biological events [3, 4] . Initially, MafB was shown to form heterodimers with v-Maf and Fos through its zipper structure and induced transformation of chicken embryo fibroblasts in vitro [5] . Subsequent studies found that MafB played an important role in the regulation of pancreatic alpha cell, beta cell, osteoclast, macrophage and adipocyte differentiation [6] [7] [8] [9] [10] . Besides, MafB was viewed as a highly sensitive and specific marker for poor prognosis in multiple myeloma patients [11] . Moreover, silencing of MafB inhibited migration and invasion abilities in nasopharyngeal carcinoma cells [12] , suggesting that MafB may also be of significance for cancer biology.
Herein, we analyzed expression of MafB in human HCC tissue samples and found that mRNA and protein levels of MafB were significantly elevated in HCC tissues, compared with adjacent normal tissues. Besides, ectopic MafB expression in HCC cells enhanced cell proliferation and invasion, whereas MafB knockdown suppressed the phenotypes. Therefore, we provide direct evidence that MafB could be an oncogene in tumorigenesis and it can be a potential therapeutics to treat HCC.
Materials and Methods
Human tissue samples 20 parried of HCC tissues and adjacent non-tumor normal specimens were collected from routine therapeutic surgery at our department. Informed consent was obtained from each patient before surgery. The study protocol was reviewed and approved by the Institutional Review Board of the fourth affiliated hospital of China medical university
Generation of recombinant adenoviruses
Recombinant adenovirus expressing human MafB or empty vector (EV) was generated using the AdEasy™ Adenoviral Vector System (Qbiogene, Irvine, CA, USA) according to the manufacturer's instructions.
Cell culture, transfection and luciferase assays HCC cells were obtained from The Cell Bank of Type Culture Collection of Chinese Academy of Sciences (CAS, Shanghai). Cells were grown in Dulbecco's modified Eagle's medium (Invitrogen, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (Invitrogen) and maintained at 37℃ in a humidified atmosphere with 5% CO 2 . RNAi-mediated depletion of MafB or Cyclin D1 was achieved by infecting cells with small interfering RNA (siRNA) oligos (GE Dharmacon, Pittsburgh PA, United States). Human Cyclin D1 promoter from -1000 bp to +1 bp was amplified by PCR and inserted into the KpnI and XhoI sites of PGL4.15 empty vector (Promega, Madison, WI, USA). Mutant MafB binding site was generated using a PCR mutagenesis kit (Toyobo). All the transfection experiments were performed when cells were grown to 70% to 80% confluence, using Lipofectamine 2000 reagents (Invitrogen) according to the manufacturer's instructions. For luciferase assays, cells were seeded in 24-well plates and transfection efficiency was normalized by co-transfecting Simian virus 40 (SV40) plasmids (Promega). Luciferase values were measured using the Dual-Luciferase Reporter Assay System (Promega).
BrdU incorporation assays
A cell proliferation enzyme-linked immunosorbent assay (BrdU kit; Beyotime) was used to analyze the incorporation of BrdU during DNA synthesis following the manufacturer's protocols. Absorbance was measured at 450 nm in the Spectra Max 190 ELISA reader (Molecular Devices, Sunnyvale, CA).
Flow cytometry analysis
Cells were trypsinized and fixed in 70% ethanol at −20°C overnight. Cells were then resuspended in PBS containing 40μg/ml propidium iodide and 100μg/ml RNase A. After incubation for 1 h at 37°C, cells were characterized and cell cycle distribution was determined by fluorescence activated cell sorting (FACS). For each sample, 2 x 10 4 cells were analyzed. Data was acquired using a BD LSRII apparatus and analyzed using the FlowJo software.
Colony formation assays
HepG2 cells were seeded in a 6-well plate 48 hours post-transfection and cultured for 8 to 10 days at 37°C in 5% CO 2 . Cells were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS), washed twice with PBS, and stained with a crystal violet solution (1% crystal violet, 10% ethanol in water). Stained cells were washed thrice with water and counted by under an optical microscope.
Mouse Experiments
Male BALB/c nude mice aged 6 weeks were purchased from Shanghai Laboratory Animal Company (SLAC, Shanghai). 4 x 10 6 HepG2 cells stably expressing MafB or negative control were injected subcutaneously to the skin under the front legs of the nude mice. The mice were observed over 16 days for tumor formation. Mice were then sacrificed and the wet weights of each tumor were determined.
Real-time PCR analysis
Total RNA from tissues and cells was extracted using the TRIzol Kit (Invitrogen) according to the manufacturer's instructions. cDNA was transcribed from 1 μg of total RNA following the manufacturer's instructions (Promega). Quantitative real-time PCR was performed using SYBR Premix Ex Taq reagents (Takara, Shiga, Japan). Relative transcript quantities were calculated using the 2 -ΔΔ Ct method with β-actin as the endogenous reference gene.
Western blots
Cells and tissues were harvested and lysed with ice-cold lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM 2-Mercaptoethanol, 2% w/v SDS, 10% glycerol). After centrifugation at 10,000× g for 10 min at 4 °C, proteins in the supernatants were quantified, separated by 10% SDS PAGE and transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). The membranes were blocked with 10% nonfat milk and then incubated with different primary antibodies, followed by incubation with horseradish peroxidase-conjugated secondary antibodies. The following primary antibodies were used: anti-MafB (Santa Cruz, sc-376387, 1:1000); Cyclin D1 (Santa Cruz, sc-753, 1:2000). Protein levels were normalized to total β−actin (Santa Cruz, sc-47778, 1:2500). The proteins were visualized by an ECL chemiluminescence detection kit (Amersham Biosciences, Buckinghamshire, UK).
Statistical analysis
Data were expressed as mean ± standard error of the mean (SE). Analysis was conducted with GraphPad Prism version 5.01 (GraphPad Software). Significance between two groups was analyzed using the unpaired 2-tailed t test (* p < 0.05, ** p < 0.01, *** p < 0.001).
Results

MafB is up-regulated in HCC
To date, the expression of MafB in HCC tissues has not been investigated. Therefore, its mRNA level was determined in 20 primary HCC and adjacent normal specimens using quantitative real-time PCR. As a result, we observed a markedly up-regulation of MafB expression levels in HCC tissues (Fig. 1A) , which was further confirmed by Western blots (Fig. 1B) . The expression of MafB was also significantly increasedacross a panel of HCC cell lines (HepG2, Hep3B, HuH7, HCCC-9810, BEL-7402 and QGY-7703) compared to normal liver epithelial cells (THLE3) (Fig. 1C) .
Overexpression of MafB promotes HCC cell proliferation
Next, to evaluate the functional outcomes of MafB in HCC progression, adenovirus containing empty vector (EV) or MafB was administrated into HepG2 cells ( Fig. 2A) . Then, cell growth was assessed. The results showed that cells overexpressing MafB had significantly increased growth rates and proliferative abilities (Fig. 2B-2C ). Cell colony formation in soft agar was also increased by MafB overexpression (Fig. 2D) . Moreover, the percentage of cells in the S phase was significantly higher for MafB-expressing cells (Fig. 2E) , suggesting the acceleration of the G1/S transition. Given that adenoviruses may assure high transfection efficiency without integration in the genome of the target cells, lentiviruses were used. HepG2 cells were transfected with lentiviruses containing MafB or empty vector (EV) and 
(F-H). (G-H) Cell proliferation (G) and cell-cycle analysis (H) in HepG2 cells expressing empty vector
(EV) or MafB. 10 or 14 days after transfection, cells were subjected to analysis. *P < 0.05, ** P < 0.01, *** P < 0.001 between two groups. cell proliferation were analyzed 10 or 14 days after transfection (Fig. 2F) . In agreement, lentivirus-mediated overexpression of MafB also led to an enhanced cell proliferation and accelerated cell-cycle (Fig. 2G-2H) .
Reciprocally, knockdown of MafB by small interfering RNA (siRNA) oligos in HepG2 cells suppressed proliferation, colony formation and G1/S transition (Fig. 3A-3E) . Therefore, our results indicate that MafB promotes tumor cell proliferation in vitro.
Identification of Cyclin D1 as a direct target of MafB
The finding of a critical role of MafB in the cell-cycle progression and cell proliferation prompted us to identify its potential down-stream target gene associated with the G1/S transition. As a result, mRNA level of Cyclin D1, but not other regulators of cell-cycle entry, was increased in cells overexpressing MafB (Fig. 4A) , which was confirmed by western blots analysis (Fig. 4B) . Consistently, knockdown of MafB reduced the expression of Cyclin D1 in HepG2 cells (Fig. 4C and 4D ). In addition, we observed a significant positive correlation between MafB and Cyclin D1 expression in HCC and normal liver specimens (Fig. 4E) , further suggesting that Cyclin D1 is a direct transcription target of MafB in tumorigenesis.
Positive regulation of Cyclin D1 promoter by MafB
To better gain insights into the molecular basis of up-regulation of Cyclin D1 by MafB, the promoter region of human Cyclin D1 gene was cloned into a luciferase reporter vector. As a result, the promoter activity of Cyclin D1 was increased by MafB overexpression in a dose-dependent manner (Fig. 5A) . By using two software programs (TFSEARCH and TESS), a potential regulatory site containing MafB binding site was also identified, which located at -372 bp (Fig. 5B) . Indeed, the Cyclin D1 promoter with the mutant site failed to be activated by MafB overexpression (Fig. 5B) . The luciferase activity containing the truncated Cyclin D1 promoter construct was also not induced by MafB (Fig. 5C ), suggesting that this site is essential for MafB-activated Cyclin D1 transcription. The direct interaction of MafB with the endogenous Cyclin D1 promoter was also detected by chromatin immunoprecipitation (ChIP) assays in HepG2 cells (Fig. 5D) . Therefore, our results identify a functional MafB binding site in the Cyclin D1 promoter thereby mediating MafB-induced Cyclin D1 expression.
Overexpression of MafB promotes tumor growth in vivo
To determine the potential oncogenic effects of MafB in vivo, HepG2 cells transfected with adenovirus containing empty vector or MafB were injected subcutaneously to the skin under the front legs of the nude mice. Consistently, MafB overexpression significantly promoted cancer cell growth in mice, as shown by reduced tumor sizes and weight (Fig.  6A-6B) . Furthermore, mRNA and protein levels of Cyclin D1 were also elevated in tumors overexpressing MafB (Fig. 6C-6D ).
Knockdown of Cyclin D1 attenuated the proliferative roles of MafB
Finally, to confirm the relationship between MafB and Cyclin D1, HepG2 cells were administrated with siRNA oligos targeting Cyclin D1 or negative control, after transfection of MafB or empty vector (Fig. 7A) . As shown in the Fig. 7B and 7C , knockdown of Cyclin D1 largely block the proliferative roles of MafB overexpression (Fig. 7B-7C ), suggesting the oncogenic effects of MafB, at least in part, depend on its up-regulation of Cyclin D1.
Discussion
Better understanding the molecular mechanism of HCC could be helpful to identify novel prognostic markers or therapeutic targets for its treatment. In the present study, our data strongly support the notion that MafB acts as an oncogene in HCC progression. Firstly, MafB was up-regulated in both HCC tissues and cell lines. Secondly, ectopic overexpression of MafB was able to increase the HCC cell growth both in vitro and in vivo. On the other hand, MafB suppression inhibited HCC cell proliferation.
However, until now, the reason for the aberrant expression of MafB in HCC remains uncovered. Previous studies have shown that tumor necrosis factor (TNF) α, a proinflammatory cytokine, increased MafB expression in human monocytic cells and primary adipocytes [7, 9, 13] . Besides, Borrelli et al. identified MafB as a direct transcriptional target of C/EBPδ in human primary keratinocytes by ChIP on chip assays [14] . Moreover, MafB expression was regulated by several MicroRNAs, including miR-148a and miR-223 [12, [15] [16] [17] . Whether dys-regulation of these molecules contribute to the up-regulation of MafB in HCC remains to be determined in the future studies.
At the molecular level, our results found that MafB promoted HCC growth and progression through up-regulation of Cyclin D1. By luciferase reporter and ChIP assays, a MafB binding site was identified at the promoter region of human Cyclin D1 gene. More importantly, ablation of Cyclin D1 largely attenuated the proliferative roles of MafB in HCC cells, suggesting that the oncogenic function of MafB is, at least in part, dependent on its regulation of Cyclin D1. It has been well-established that Cyclin D1 accumulates to reach a maximum level before S-phase and regulates the G1/S-phase transition through binding and activating cyclin-dependent kinases (CDK4 and CDK6) [18, 19] . In addition, new roles of Cyclin D1 in tumorigenesis have been identified, such as the induction of chromosomal instability and cellular migration, enhancement of angiogenesis and inhibition of mitochondrial metabolism [20] [21] [22] [23] . Therefore, whether MafB could regulate these biological events in cancer cells through Cyclin D1 will be determined in our future studies.
Taken together, these results indicated that MafB acts as an oncogene in HCC by induction of cell proliferation and growth. Given that a specific Cyclin D1-CDK4/6 inhibitor has obtained accelerated approval from the Food and Drug Administration for the treatment of certain types of human cancers [24, 25] , our findings are encouraging and suggest that the MafB/Cyclin D1 regulatory pathway could be targeted for the future development of a treatment for HCC patients.
